The multi-blade centrifugal fan features an abundance of vanes (>48) and a spiral volute. The flowability and noise characteristics of the centrifugal fan are dependent on the type-line of volute and tongue geometries at the volute exit. The aim of this research was to find a better volute type-line for fan noise reduction without compromising on the performance. First, the viscosity factors of gas were used to modify the type-line shape of the volute by introducing a dynamic moment correction coefficient; a modified volute was then obtained to match the new fan system. Next, the performance of the original fan and retrofit fan were tested. The optimization scheme was verified and the feasibility of the proposed numerical calculation technique was confirmed.
Introduction
The forward-curved centrifugal fan is commonly used in residential and automobile air conditioning ventilation and electronic appliance cooling systems. Geometrical characteristics determine the fan's high mass flow rate, low noise level, and simple structural composition. All these factors are responsible for the low efficiency (450-60%) of the fan, which is related to the poor aerodynamics of squirrel-cage fans.
The internal flow of the volute is very complicated. The flowability and noise characteristics of the centrifugal fan are closely related to the structural features of the tongue. Fan noise can generally be reduced by increasing the spiral line of the volute or enlarging the blade-tongue gap, which diminishes the fluiddynamic loading on the volute and the magnitude of tonal noise. 1, 2 The pressure pulsation due to the flow impact of the volute tongue through the impeller-exit and the source region can be easily diagnosed. 3 Correct matching of the impeller and volute plays an important role in the centrifugal fan design process. Too wide or too narrow a volute type-line lead to performance and noise distortion, which have an adverse effect on the fan design. The profile distribution, exit area of the volute, and angle of the tongue comprise the main influencing factors in avoiding vibration and separation loss inside the volute. 4, 5 There have been many valuable contributions to the literature on volute profiles. Kim 6 compared several profile schemes and found that fine-tuning the volute profile may not only reduce noise but also improve the performance. Wen et al. 7 found that an improper profile can cause a reduction in the total pressure and efficiency. The state of correlation research is yet fragmented and unsystematic, and there is no consensus regarding how the volute profile affects the fans' performance.
In this study, the effects of different volute profiles were investigated and three-dimensional unsteady viscous flow simulation was used to reveal the internal flow characteristics of a modified fan. The retrofit design affecting the volute type-line was also investigated. Laboratory pressure pulsation monitoring and noise tests were conducted. A novel retrofit design method was established by introducing a dynamic moment correction coefficient; the modified volute was obtained to match the new fan system.
Method

Main data of the investigated fan
The object of this study is a small forward-curved centrifugal fan (Figure 1 ), which is widely used in central air conditioning units and ventilation installations. This type of fan usually consists of three parts: (1) a bell-mouth at the inlet; (2) a volute with a spirality profile; and (3) a multi-blade impeller. As mentioned in the previous section, the volute profile is usually of a spiral shape and has the predominant geometrical parameters of centrifugal fans. Wang Jun et al. 8 recommended CAD drawings of the centrifugal fan with the empirical parameters shown in Figure 1 . The above empirical parameters are the key design factors affecting the overall performance and aerodynamic noise level of the fan.
Considering the complexity of the flow field and the structure of the fan, a mixed hexahedron and tetrahedron grid is adopted here: the impeller is a hexahedral grid and the remainder of the field is tetrahedral mesh. The fan grid independence was validated as per the detailed grid near the impeller wall and volute tongue area, including wall yþ within 30-570 (Figure 2 ), to guarantee an accurate numerical simulation. The grid refinement was adapted as necessary to meet the required solver precision in high gradient regions.
A realizable k-" model was used for turbulent flow computation. The coupling equation was solved using a SIMPLE algorithm. The dispersion of diffusion items is an important part of the central difference scheme. The inlet boundary is given as the total pressure and the exit boundary as the static pressure. The internal flow Mach number is less than 0.3, so the gas is assumed to be incompressible and the viscosity coefficient as constant. The volute, inlet, and outlet zones were set as the static area, the impeller area is set as the rotating area, frame motion is adopted, the rotating speed is 800 r/min, and the convergence residues of the calculation were set to 10
À4 . The second-order dependent term scheme was selected to provide higher accuracy than the QUICK discretization scheme. 9, 10 An appropriate grid size and turbulence model are essential to the accuracy of the numerical simulation results. In this study, sensitivity analysis of different grid sizes and turbulence models was conducted before running the numerical simulation. We predicted the pressure coefficient and flow coefficient under the design conditions, and then compared the impact from each grid size and turbulence model. The numerical calculation of the fan was operated with the designed flow rate for the purposes of sensitivity analysis.
Mesh precision plays a crucial role in the process of numerical simulation. The grid number will directly affect the accuracy of the calculations and the time required to complete the computation. In order to obtain the most reasonable mesh model, grid-independent studies of impeller grid and stationary region grid were performed, respectively. Table 1 summarizes the cell number in each region of the final grid model.
The effects of 5 Â 10 5 to 3 Â 10 6 grid sizes on the pressure coefficient and discharge coefficient varied throughout the course of the simulation. These two variable coefficients tend towards 1.0 as grid number increases, as shown in Figure 3 . Different turbulence models were adopted to predict the pressure coefficient and flow coefficient under the design conditions, including the Spalart-Allmaras, k-" standard, k-!, and Reynolds stress model. The calculation results allowed us to select the most suitable turbulence model. Figure 4 shows that the predictions of three calculating models are relatively close; the latter were used to normalize the predictions.
It is well known that the appropriate grid size and turbulence model are essential to the accuracy of the numerical simulation result. In this paper, a sensitivity analysis of different grid size and various turbulence models is done before the numerical simulation working. We predict the pressure coefficient and flow coefficient under the design condition, and then compared the impact from the grid size and the turbulence model. For this sensitivity analysis, the numerical calculation of the fan operates with the designed flow rate.
With the grid size ranging from 3 Â 10 5 to 2 Â 10 6 , the effects on the pressure coefficient and discharge coefficient is not quite obvious. These two variable coefficients tend to 1.0 when increasing the grid number as shown in Figure 3 .
The turbulence model is respectively adopted to predict the pressure coefficient and flow coefficient under the design condition, including SpalartAllmaras, k-" standard, k-!, and Reynolds stress model. The calculation results were beneficial for choosing suitable turbulence model. Figure 4 shows that the predictions of three calculating model are relatively close, where the latter are used to normalize the predictions.
Optimization
Experimental apparatus
We measured both the aerodynamic performance and the A-weighted sound pressure level (SPL). The aerodynamic performance was tested on an experimental platform with reference to Chinese National Standard GB/T 1236-2000: Industrial fans-Performance testing using standardized airways 18. Figure 5 shows a sketch and photograph of the experimental facility. The fan point of operation was controlled by a throttling device. The static pressure blow of the cell straightener was sensed by a piezometer ring manifolding around the measuring duct. Figure 6 shows the experimental and numerical performance curves of the original fan. The static pressure of the fan decreases with the volume flow rate as the total pressure gradually increases. The highest efficiency was obtained with the flow rate coefficient Q ¼ 0.22. To conveniently describe the results in different operating conditions, the maximal relative error of the pressure coefficient P and efficiency to the experimental data were determined. In general, the numerical simulation results are very close to the experimental data when P ¼ 2.84% and ¼ 5.79%. To this effect, we validated the reliability of the numerical results that we obtained for fan performance.
Volute profile line modification design
The momentum correction coefficient. We observed uneven velocity distribution in the flow of the spiral channel and outlet piping, as shown in Figure 7 . Such unevenness is often ignored in engineering calculations. The flow rate is usually measured experimentally and the average flow velocity is recorded as the ratio between the flow rate Q and cross-sectional area
The momentum is a vector. If only the average velocity along the flow direction is considered, the momentum at unit time is expressed with the average velocity. The relationship between them is as follows 
where is the momentum correction coefficient.
The retrofit design of volute type-line. The viscosity of the gas is typically ignored in order to simplify the design so that air flow has constant momentum in the whole operation process. If gas viscosity is considered, conversely, the moment of momentum is not constant and thus the flow decreases. According to the method of circulation (e.g. volute type-line design), there is certain deviation inherent to the system and the volute type-line must be modified accordingly.
In theory, in order to facilitate analysis and calculation, the viscosity of the gas is negligible. Figure 2 shows the starting period of gas flow in the volute. As air fills the whole cross section of the spiral volute, the air flow in the volute satisfies the law of conservation of momentum because the air viscosity is ignored. 11 When the width of the spiral volute B is constant, the function equation between the angle and radius R is as follows
which is similar to a logarithmic spiral line for the volute type. The exponential term is defined as follows
As shown in Figure 7 (b), the radius of the volute base circle and the radius of the impeller outlet are labeled R and R 2 , respectively. For every angle , there is a corresponding radius R. Connecting the dots of each radius circle reveals the type-line of the volute. The size of the spiral volute is associated with the opening of volute outlet A, and the opening of each angle is defined as A
According to the Taylor series approach, equation (4) can be expanded and substituted into equation (6) . The opening of volute outlet A can be expressed as follows
Under the rated conditions, the total mass flow is q and the viscous torque (M) of unit mass flow is Here, the radial velocity component is proportional to the opening of the spiral case, and the size of the volute is determined by the spiral line distribution. Associating the fan transient performance characteristics with the distribution pattern of the volute line was the primary goal of this study. Numerical calculation was adopted to monitor the internal flow of the volute. The opening distribution of the volute at each angle position was quantitatively planned according to the flow field information in Figure 8 . The radial velocity component c 0 2u spikes at the exit of the spiral case and decreases near the volute tongue. Previous studies suggest that this phenomenon is false, because the viscous effects of the air flow in the volute were considered in Koopmann et al. 12 and Lee. 13 Based on the idea, the correction for equation (8) of the volute opening degree A is given subsequently.
The gas momentum moment was altered after considering the gas viscosity. The viscosity moment of the unit mass fluid was taken from 0 to 2p. The volute opening degree was corrected as follows
In order to meet the requirements for precise drawing, we drew a volute type-line equation based on polar coordinates as equations (10) and (11) and obtained the following rectangular coordinate equation
The flow increases from the 25 section in the inlet to outlet of the spiral setup shown in Figure 9 , as evidenced by comparison among velocity distributions (c 0 2u Áa) under different working conditions. The 270 section is very different from other sections: the velocity numerical minimum is in the middle cross-sectional position, where the volute expansion is maximal. The dynamic pressure in the gas is more effectively converted to the static pressure under these conditions. The c 0 2u Áa numerical curve increases gradually from the import to the export section.
Considering the influence of the momentum correction under the effects of viscosity with different flow rates, the modified design of the volute line at 0.8Q BEP , 1.0Q BEP , 1.2Q BEP is as shown in Figure 10 The volute is the key component responsible for converting dynamic pressure to static pressure. Shrinkage or expansion of the volute type-line alters the volute pressure pulsation. We conducted pressure pulsation and noise performance tests to investigate the performance of the revised volutes after moment of momentum correction as per the relationship between the noise distribution and linear volute type changes.
Pressure pulsation
It is necessary to test pressure fluctuations on the surface of the volute. Figure 11 shows our pressure pulsation test device. The high-frequency dynamic pressure transmitter parameters are listed in Table 2 . Pressure pulsation monitoring points were set in the volute at 60 , as shown in Figure 12 . There were six points along the volute circumferential layout respectively marked as 0-5. We recorded six cycles of data, where the static pressure distribution of each monitoring point formed a sinusoidal curve ( Figure 13 ). Near the volute tongue part, static pressure wave amplitude increases gradually; however, the wave amplitude decreases gradually near the exit location. We used this information to draw the pressure coefficient spectrum diagram of the three modified volutes, as shown in Figure 14 , with a fast Fourier transform (FFT).
There were notable differences between the pressure coefficient amplitudes in the three spiral profiles (Figure 14) . At point 0, the pressure coefficient amplitude fluctuates more significantly in profile 1 and profile 3 than in profile 2. At the low-frequency band, the impact of flow separation on the aerodynamic noise at lower flow rate is greater than that when the opening degree is larger, especially between 100 Hz and 180 Hz. We next directly tested the acoustic performance on the aerodynamic performance experiment platform instead of the semi-anechoic chamber as shown in Figure 15 . The acoustic spectrum of the primary noise was obtained via sound pressure measurement method. In the far field, four microphones were placed at A ¼ (R, 0, 0), B ¼ (R, p/2, 0), C ¼ (R, p, 0), and D ¼ (R, 3p/2, 0), as shown in Figure 16 . The radius of the test center is R and the radius of the fan is R fan (R/R fan ¼ 13).
This also allowed us to adjust the flow rate of the fan conveniently and to gather measurements under different operating conditions. The background noise in the laboratory was measured to be about 50 dB, which is much lower than the A-weighted SPL of the fan (higher than 60 dB) and insufficient to influence the comparison between measured results of different schemes. The sound level meter was placed 1 m away from the center of inlet nozzle according to the Chinese Standard GB/T2888-1991: Methods of noise measurement for fans, blowers, compressors and roots blowers 19. The sampling frequency and measurement accuracy are 10 Hz and 0.1 dB, respectively.
The distance of the measurement location to the center of the fan is R and the radius of the fan is R fan (R/R fan ¼ 13), which conforms to the above farfield assumption. The ratio between the wavelength of the radiation at the BPF and the radius of the fan R fan is l BPF /R tip ¼ 7, which is in accordance with the compactness assumptions.
Results and discussion
The aerodynamic performance data of the original fan and retrofit fans is shown in Figure 17 as the averaged values of the four experimental tests. The modified fans were designed to guarantee the same flow rate and pressure performance parameters as the original fan. As shown in Figure 17 , the aerodynamic performance of modified fans no. 1 and no. 2 are inferior to that of the original fan.
The sound spectra of the original fan and retrofit fans are given in Figure 18 . The sound pressure level on the frequency spectrum distribution is similar for all microphones. Without considering the effects on the upper harmonics, the SPL of modified fan no. 3 was reduced by 1.1 dB. Considering the aerodynamic performance and noise performance, the modified fan no. 3 appears to outperform the others.
The test results of the original fan and modified fan no. 3 are shown in Figure 19 . The sound pressure amplitude was decreased at low frequency in fan no. 3 compared to other models, which confirms that the fan noise was successfully improved by modifying the volute type-line.
Conclusion
This paper presented a novel moment of momentum correction method for volute type-line design, which effectively reduces fan noise without compromising on the performance. Tests and comparative analyses of the aerodynamic performance and noise among different fan designs yielded the following conclusions.
1. Considering the gas viscosity, the gas momentum moment is reduced and the viscosity moment of M/q as the unit mass fluid is taken as 0-2p. The volute opening degree can be corrected via the proposed method. The radial velocity component spikes at the exit of the spiral case as fan noise is reduced without degrading the performance. 2. Numerical simulation results are very close to the experimental data when P ¼ 2.84% and ¼ 5.79%, thus, the proposed calculation process is valid. 3. Finally, a modified volute was obtained to match the new fan system. The noise-reduction effect of the proposed fan design was verified experimentally. This moment of momentum correction method is applicable for the structural optimization and noise reduction of multi-blade centrifugal fans.
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